Empore disks were used to successfully extract herbicide residues from a difficult-to-analyze surface water source and deionized water. Herbicide recoveries were lower in surface water at 7, 14, or 21 days after fortification and storage at 4°C, presumably due to chemical sorption onto precipitated organic particulates. The addition of acid to the samples, as recommended in EPA Method 525.2, did not affect recoveries of alachlor and metolachlor, but reduced recoveries of atrazine, simazine, and cyanazine. Treatment of water samples with sodium hypochlorite did not affect alachlor or metolachlor recoveries, but greatly reduced the recovery of all triazine herbicides. This indicates that addition of acid or sodium hypochlorite to water samples may be detrimental to triazine analysis.
S
everal researchers have reported on the use of solid-phase extraction to concentrate pesticide residues from water samples (1) (2) (3) (4) . The chemicals examined in this research are herbicides that are widely used throughout the world and may present challenges to surface or ground water quality. This research attempts to determine the effect of either lowering or raising the water pH on herbicide stability and recovery over typical storage intervals.
The herbicides represent 2 different chemical types. Atrazine, cyanazine, and simazine are triazine herbicides, and their persistence in soil is affected by pH (5) . Alachlor and metolachlor are chloroacetamides and their soil persistence is generally not affected by soil pH (6) .
EPA Method 525.2, section 8.2.1 states, "If cyanazine is to be determined, a separate sample must be collected. Cyanazine degrades in the sample when it is stored under acidic conditions or when sodium sulfite is present in the stored sample. Samples collected for cyanazine determination must not be dechlorinated or acidified when collected. They should be iced or refrigerated as described above and analyzed within 14 days. However, these samples must be dechlorinated and acidified immediately prior to fortification with internal standards and surrogates, and extraction using the same quantities of acid and sodium sulfite described above." This research focused on the stability and subsequent recovery as affected by changes in pH. Sodium sulfite was not added to any samples.
The objectives of this study were to determine the stability of these herbicides under normal storage conditions at 4°C, and the effect of treating the water sample with either acid or sodium hypochlorite on herbicide recovery over the storage interval. Sodium hypochlorite was examined as a potential agent to be added to water samples to reduce microbial degradation of the herbicides prior to extraction and chemical analysis.
Experimental

Background
Surface water was collected from a 0.45 hectare lake in College Station, TX, in October 1999. The lake was situated on the Texas A&M Campus and the nearest potential surface source of each of the examined herbicides was >1 km. Background levels of each of the herbicides was <0.25 µg/L, except for alachlor which was present at concentrations ranging from below detection limit to 2 µg/L (data not shown). The water was brackish and had a high load of dissolved organic matter and particulate matter. An additional set of samples using deionized water was also fortified, extracted using the Empore disks, and analyzed by the same techniques except for sample prefiltration. (f) Sodium hypochlorite solution.-Referred to throughout this manuscript as "bleach."
Apparatus and Reagents
(g) Concentrated hydrochloric acid.
Fortification Procedure
Water samples were collected directly into 1 L amber glass jars at the collection site. Each sample (ca 950 mL each) was then fortified with 0.95 mL of a solution containing alachlor, atrazine, cyanazine, metolachlor, and simazine. The resultant concentration of each chemical in surface water samples on Day 0 was 14.4, 7.8, 12.9, 10.4, and 5.8 µg/L, respectively, based on analysis of untreated water samples. Initial herbicide concentrations in the deionized water experiment were 10 ± 0.9 µg/L. Herbicide concentrations of this magnitude are plausible in surface water where these crop protection chemicals are used. For ease of comparison, all data is presented as a percentage of Day 0 concentrations from fortified, untreated (with respect to pH modification) control samples.
The Day 0 samples were collected, fortified with the herbicide solution to their initial concentrations, prefiltered to remove particulates, and then the acid or bleach solution added. The Day 7, 14, and 21 samples were fortified with herbicide and had the acid or bleach added and then were stored at 4°C for their respective time intervals.
Sample pH Modification
The study consisted of 3 treatments: (1) Lower pH to <2.0 as specified in EPA Method 525.2, although no sodium sulfite was added because it would confound any pH effect (7); (2) increase pH using 5.3% sodium hypochlorite aqueous solution; and (3) untreated, fortified water. Triplicate samples of each water source and each pH modification treatment were fortified and immediately analyzed (Day 0) or stored at 4°C for 7, 14, and 21 days.
The addition of 5 mL 12N HCl lowered the pH of the surface water samples to 1.6. EPA Method 525.2 specifies the pH must be lowered below 2.0. The addition of 5 mL sodium hypochlorite solution raised the pH to 8.2. The pH of the untreated samples was 8.1 and was not modified. The deionized water had similar final pH values of 1.3 (acid), 8.0 (bleach), and 6.9 (untreated). We will refer to the pH regimes using the notations of "acid" for the lowered pH, "bleach" for the addition of sodium hypochlorite, and "untreated" where no pH modification was performed.
Sample Processing
Water samples were first prefiltered through Whatman G6 Glass Fiber filter circles 3 times to remove particulates, and this proved to be problematic for some surface water samples due to filter plugging. After prefiltration, water samples were extracted using a modified EPA Method 525.2. A brief synopsis of the most salient points is presented in outline form.
(1) Prepare Empore disks.-Place disk onto manifold. Wash disk with 5 mL ethyl acetate-methylene chloride (1 + 1, v/v), allow half of this volume to soak disk. Equilibrate for ca 1 min, then draw through disk using vacuum. Prewet disk with 5 mL methanol, drawing most through but leaving a layer of methanol on disk surface. Rinse disk with 5 mL reagent grade water, leaving a layer on the disk.
(2) Add 5 mL methanol to each sample (1 L volume), mix well.
(3) Add water sample to reservoir and apply full vacuum. EPA Method 525.2 requires analyst to extract sample through one disk and then elute pesticides from the disk while still on the manifold. Some surface water samples clogged the disks, so they were split and extracted onto multiple disks per sample, if needed.
(4) Place disks into 50 mL test tubes. Store tubes and sample jars at 4°C overnight.
(5) Rinse sample jars with 5 mL ethyl acetate. Transfer ethyl acetate to test tubes containing disks. Repeat with 5 mL methylene chloride. Repeat with 6 mL ethyl acetate-methylene chloride (1 + 1, v/v).
(6) Agitate test tubes containing solvents and Empore disks on a wrist-action shaker for 10 min. (Note: The addition of this step resulted in particulates being eluted from the top side of the disks, and the acid samples had a distinct yellow tint.) (7) Transfer extracts to 20 mL glass vials and add 5 g anhydrous sodium sulfate to remove excess water from the samples. Transfer extract to graduated test tubes. Rinse sodium sulfate with two 3 mL portions of ethyl acetate-methylene chloride (1 + 1, v/v), and combine rinses with extract in graduated test tube.
(8) Place extracts in graduated test tubes in 40°C water bath and concentrate to 0.5-1.0 mL under a gentle stream of dry nitrogen.
(9) Bring all samples to a volume of 1.0 mL, mix on Vortex mixer, and place in GC vials for subsequent analysis.
(10) Store samples at 4°C until analysis (<30 days for all samples).
Chromatographic Conditions
Concentrations of the 5 herbicides were simultaneously determined using a Varian 3400CX gas chromatograph equipped with a Varian Saturn 3 GC/MS ion trap mass spectrometer (Walnut Creek, CA). The column stationary phase was a DB5MS (J&W Scientific, Folsom, CA) 30 m in length, 0.25 mm in width, and a 0.25 µm film thickness. The detector was operated at 200°C and the injection port temperature was 220°C. Column oven conditions consisted of 60°C increased at 9°C/min to 220°C, hold at 220°C for 3 min. All standard curves were linear with r 2 > 0.98 (curves not shown) and quantitation was performed using an external standard technique. The limit of quantitation for all herbicides was <0.4 µg/L on an initial concentration basis. Given that the final concentration of the processed sample extract was 10 µg/mL, the method had sufficient sensitivity to determine treatment differences.
Results and Discussion
There were substantial challenges in the extraction, and later in the chromatographic analysis of the surface water samples. The first challenge was the prefiltration. When we attempted to pass the Day 0 surface water samples through the Empore disks, the acid samples clogged the disks, presumably due to precipitation of organic materials from the water. The bleach and untreated surface water samples filtered slowly, but flowed through the disks. Some samples eventually stopped flowing, so sometimes it took 2 or 3 disks to extract the full volume of the acidified samples. It should be noted that the Day 0 acid surface water samples were completed only after a time interval of approximately 14 h, so some degradation may have already taken place while the samples were being processed.
The Day 7, 14, and 21 samples were prefiltered after they had been stored for the respective time interval. After the equilibration time, several visual observations were evident.
Firstly, the bleach samples were visibly clearer than the untreated samples. The acid samples were more turbid than the other 2 types of samples. When each surface water sample was prefiltered, it appeared that more particulates were collected in the Acid samples than in the other pH regimes, and that more particulate matter was removed at Day 7, 14, and 21 compared with Day 0. This could have reduced recoveries from Day 0 to Day 7 for all herbicides in the control samples, and recoveries varied from 40 to 75% in these samples. It is unlikely that this amount of degradation would occur in 7 days for all these herbicides. Given their stability in aqueous solutions, our hypothesis is that the herbicides adsorbed onto the particulate matter in the sample which was removed in the prefiltration process. The particulate matter on the filter disks was not analyzed. Deionized water samples were analyzed without the difficulties experienced with the surface water samples. The recovery of the chloroacetamides, alachlor, and metolachlor was not affected by either acid or bleach treatments ( Table 1) . The lack of a pH effect on the recovery/stability of the chloroacetamides is consistent with the physicochemical properties of these herbicides that generally have no measurable pKa values and good hydrolytic stability under a wide range of solution pH values. For alachlor and metolachlor, recoveries from surface water at 7, 14, and 21 days were the same. Lower recoveries compared with Day 0 were probably due to sorption of these chemicals to the organic matter particulates that were removed in the prefiltration steps. Untreated deionized water samples showed no change in chloroacetamide recovery over the time course of the experiment.
The triazine herbicides, atrazine, cyanazine, and simazine, had similar recovery patterns. In surface water samples, recoveries in control treatments at 7, 14, and 21 days were lower than on Day 0, following a similar pattern to the chloroacetamides ( Table 1 ). The addition of sodium hypochlorite greatly reduced the recovery of all triazines. This was noticed in both surface and deionized water, and recoveries at 7 days were below detection limits. The relative order of triazine recovery from highest to lowest under the acid treatment conditions was atrazine > simazine > cyanazine. The average of the standard errors for each treatment was <4%, and no herbicide exceeded an average relative standard error of 20% (analysis not shown).
EPA Method 525.2 specifies that the water sample not be acidified when cyanazine is suspected to be present, due to cyanazine degradation under acid conditions. The acidification of the surface water sample reduced cyanazine recovery to <20% after less than 1 day of exposure. Atrazine and simazine recoveries were lower, but otherwise similar to, the untreated samples (Table 1) . This differential recovery indicated that cyanazine was being degraded in the water, while atrazine and simazine recovery was reduced by a similar mechanism to that of the untreated samples, perhaps adsorbed onto organic material that precipitated at the lower pH.
A surprising discovery was the large reduction in recovery of the 3 triazine herbicides when sodium hypochlorite (bleach) was added. By Day 7, triazine herbicide concentrations were below detectable limits in these water samples. Given that the limit of detection in the final extracts was 0.1 µg/L for atrazine and 0.2 µg/L for simazine and cyanazine, this would represent >95% degradation of these herbicides. Because the samples were more transparent as observed by visual observation, our hypothesis is that the organic material and the herbicides were oxidized in the presence of the hypochlorite moiety. We postulate that the chloroacetamide herbicides have sufficient stability to withstand oxidation under these conditions. Chromatographic analysis of the surface water samples was problematic due to matrix interferences. The injection port needed to be changed after only 30 injections, due to the buildup of charred organic residues. The acid samples in the GC vials also had a distinct yellow color. With the samples being more turbid, the need for multiple prefiltration steps, and the use of multiple Empore disks for some acid samples, this indicated that the original water would be difficult to analyze using EPA 525.2 as written. The data would indicate that perhaps especially problematic samples, those high in dissolved organic materials, might be better suited for analysis using liquid-liquid extraction techniques (8) . We wish to point out that the surface water had a high concentration of dissolved organic matter, although this type of water would potentially be present in wetlands adjacent to agricultural production areas and represented a worst-case scenario from an extraction and analytical perspective. Also, lowering the pH as indicated in EPA Method 525.2, even if only over a short time period, would actually reduce cyanazine recovery, at least in these samples. Ultimately, this work shows that the methods of pretreatment are not only unnecessary, but actually disruptive to accurate results for some of the compounds that may be susceptible to acid hydrolysis and/or chemical oxidation.
